The work presents the detailed analysis of the water dimer properties. Their parameters are investigated on the basis of a multipole interaction potential extended up to the quadrupolequadrupole and dipole-octupole terms. All main equilibrium parameters of the dimer are obtained: its geometry, ground-state energy, dipole and quadrupole moments, vibration frequencies, etc. They are thoroughly compared with those obtained in quantum chemical calculations and from spectroscopic data. The efficiency of the present model potentials is discussed. A new viewpoint on the nature of the hydrogen bond is presented. The results of studies are thoroughly compared with the spectroscopic and computer simulation data. K e y w o r d s: water dimer, multipole interaction potential, dipole moment, quadrupole moment, hydrogen bond
Introduction
The main object of our research is the water dimer properties, which parameters are very sensitive to the type of intermolecular interaction. A water dimer is a closed system of two water molecules connected with the hydrogen bond. The equilibrium dimer configuration that corresponds to the minimum of the interaction energy is presented in Fig. 1 . We will briefly discuss the main dimer parameters presented in Table 1 according to the quantum chemical calculations and experimental data. In [1] , two types of dimers are studied: a "frozen" dimer, which has the distance between oxygen and hydrogen and the angle between O-H bonds fixed, and a "relaxed" dimer, where changes of the O-H length and the angle between bonds are allowed. In [2] , a "frozen" dimer configuration was used to determine the H-bond energy and the dipole moment of a dimer (the intermolecular distance r (0) OO and the angle θ 0 were postulated). From the comparison of the quantum chemical results and the experimental ones, it follows that the optimum value of the ground-state energy of a water dimer is Φ d ≈ −(9 ÷ 10)k B T m , where T m = 273 K is the melting temperature of ice, and is observed at r This brief review of the dimer properties shows that, nowadays, there is no consistent approach to the problem of formation of dimers, as well as to the calculation of their equilibrium parameters. The biggest difficulty is related to the absence of a clear approach to the magnitude of characteristic contributions to the interaction energy.
In the present work, the water dimer properties are studied on the basis of a strictly defined potential that consists of: 1) literature-based dispersive and repulsive interaction and 2) multipole electrostatic interaction that is extrapolated to the overlapping region. Under the sufficient proximity of water molecules that leads to the overlap of the electron shells, it is necessary to use the quantum chemical calculations to determine the interaction energy. It was shown in [3] that the energy of a hydrogen bond itself does not exceed ∼ k B T m . The last circumstance is in agreement with the fact that the intramolecular distances in a water molecule change not more than by (1 ÷ 3)% [4, 5] . This means that we can neglect the contributions of hydrogen bonds to the interaction energy of two water molecules. For the first time, this fact had been understood in the works of Berendsen [6] and Barnes [7] . A critical review of the modern potentials, in which the existence of hydrogen bonds is ignored, is presented in [2] . In the same work, the Exper.
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generalized Stillinger-David potential that eliminates its weaknesses and retains its positive features is presented. Let us mention the attempt in [8] to model the hydrogen bonds, but no results that deserve a significant attention are obtained. Specifically, the following aspects are studied in the present work: 1) the ground-state energy of a water dimer along with its dipole moment as functions of the intermolecular distance and the angles that define a relative orientation of molecules; 2) the influence of dimer's rotation on its ground-state energy and 3) vibration states of a water dimer. The possibility to use the electrostatic multipole potential for the description of attraction between water molecules in liquid water and the relations between the results obtained, computer simulations, and experimental data are discussed.
Structure of the Interparticle Interaction Potential Between Water Molecules
The interparticle interaction potential is modeled with the expression
where Φ r (r, Ω) is the repulsive term, Φ D (r, Ω) describes the dispersive forces, Φ M (r, Ω) is a part of the multipole expansion of the interaction energy between two water molecules, and Φ H (r, Ω) is the irreducible contribution caused by the overlap of the electron shells of the water molecules (Ω is the set of angles that describe the orientation of water molecules). The reference to the multipole expansion for the interparticle interaction is supported by the following facts: 1) quantum chemical calculation of the multipole moments is a well-posed problem; 2) comparison of the different multipole contributions allows us to control the applicability of the multipole approximation for the electrostatic interaction. Due to the wide discussion of the parameters of dimers [4, 5, [9] [10] [11] [12] [13] [15] [16] [17] , the last fact becomes stronger. In the present work, the multipole contributions to the interparticle potential are considered up to the three-moment terms, i.e. up to the octupole-octupole effects:
Here,Q (k) is the k-th multipole moment, whose components are defined asQ
is the differential operator and (:) stands for the 2 ) is used to determine the Kronecker product of the matrices that correspond to the multipole moments, and r is the distance between oxygens. After all the necessary differentiations, we substitute: r ⇒ r OO and x α ⇒ r OO δ 2α , which corresponds to a selected dimer configuration. Multipole contributions include terms up to the dipole-octupole ones: which take the form
The components of the dipole moment of a water molecule in the laboratory coordinate system (LCS) are given by the relations
where d is the absolute value of dipole moment of a water molecule, δ is the angle in the molecular coordinate system (MCS) that defines the positions of hydrogens. It is stated that the water molecule is oriented in MCS as in Fig. 2 .
The values of components of the quadrupole and octupole moments, calculated in computer experiments or obtained experimentally are presented in Tables 2 and 3 . The orders of magnitude for the multipole moments are:
Here, D equals 1 Debye -unit of dipole moments. In our opinion, the optimal values of components of the quadrupole moment of a water molecule are obtained in the computer experiment [13] . These values are in good accordance with the experimental data [18] . But the components of the quadrupole moment that correspond to the charge distribution in model potentials [1, [19] [20] [21] [22] differ even by the sign (see Table 2 ). The same situation is also characteristic of the octupole moments (see Table 3 ). The mutual coherence of different works is only observed in the values of dipole moment. This fact gives us the ground to conclude that most of the model potentials are unable to reproduce fine details of the intermolecular interaction. The transition between MCS and LCS is standard:
where R Ω indicates the rotation matrix by the angle Ω: Ω = α, θ, φ (α, θ, φ are the angles of rotation around the LCS axes, as given in Fig. 3 ) For example, the rotation around the Oy axis is given by the direct and transposed matrices:
We note that the components of the quadrupole moment of a water molecule in [5, [15] [16] [17] [18] [19] [20] were calculated with the use of the formulaQ
that differs from our one by the multiplier 3/2.
According to the selection of LCS (see Fig. 1 ), we can use only O Y αβ components of the octupole moment. By the same reason, as we use traceless quadrupole moments, we will use traceless octupole moments: [13] and [18] , where the values of components of the octupole moments are almost the same.
The relative values of the multipole contributions of different orders to the interparticle potential are presented in Fig. 4 . Here and below, we use the the dimensionless values for interaction energy Φ(r, Ω) → →Φ(r, Ω)/k B T m , where T m is the crystallization temperature for liquid water. The curves in Fig. 4 correspond to the fixed value of angle χ, which is supposed to equal 0.7 • and does not depend on the distance between water molecules. The angle θ is a function of the intermolecular distance and was obtained from the minimum of the interaction energy at each value of r OO . The total value of multipole contribution is shown by curve 5. As we see, at a dis- tance of 3Å that is supposed to be the equilibrium for a water dimer, the depth of the total multipole interaction reaches −15.
We should consider the behavior of the Φ DO term that describes the dipole-octupole interaction. From Fig. 4 , it follows that the curves of Φ DO and Φ QQ cross at r ∼ r * , where r * ≈ 3.2Å. This fact indicates the breaking of the multipole expansion. At the smaller distances, the electron shells begin to overlap, so it is the natural border for the usage of model electrostatic potentials.
Repulsive and Dispersive Interaction between Water Molecules
We will use the Buckingham-Corner [28] , three-point SPC [19, 20] , and TIPS [21, 22] potentials to describe the repulsion and dispersive effects between water molecules. In the Buckingham-Corner potential, the effects of repulsion and dispersive forces are described with the sum of pair contributions of the hydrogen-hydrogen, hydrogen-oxygen, and oxygenoxygen types:
, is the potential well depth, and r m is the intermolecular distance at the minima of energy.
In the SPC and TIPS potentials, the dispersive and repulsive interactions inhere only in the electron shells of the oxygen atoms and are determined in the form similar to the Lennard-Jones potential:
The comparative behavior of the repulsive and dispersive contributions to the Buckingham, Buckingham-Corner, SPC, TIPS, and TIP3P potentials is presented in Fig. 4 .
As we can see, the minimum of the interaction energy is around 0.2 ÷ 0.3, and its position is approximately at (3.5 ÷ 3.6)Å. Curve 1 that corresponds to the Buckingham potential differs very much from the latter potentials. Of course, the simple comparison of the dispersive and repulsive curves is not enough to select the appropriate potential.
Ground State of a Dimer
In this section, we will present the results of studies of the ground state of a water dimer, based on potential (1), where we will ignore the contribution of the short-range H-bond potential. We will consider the positions of the oxygens and hydrogens in water molecule remain still for the ease of calculations. According to [16] , such requirement leads to the error not more than (1.5 ÷ 3)%. The ground state of a water dimer is identified with the minimum of the interaction energy of two water molecules oriented, as it is shown in Fig. 1 . More specifically, the equilibrium distance r (0) OO between the oxygens and the angle θ 0 between the directions of unexcited dipole moments are found from the condition
where Φ is the intermolecular interaction potential. It is considered to be a function of the dimensionless distancer = r OO /r OH , r OH = 0.97Å is the length of the O-H bond, and the angle α describes the rotation around the H-bond (see Fig. 2 ).
The general view of the potential surface Φ(r, θ) is presented in Fig. 5 .
On the set of points of minimum for Φ(r, θ), the angle θ m is a function ofr. Its dependence is presented in Fig. 6 .
The radial dependence of the interaction energy at the angle θ m corresponding to the absolute minimum is presented in Fig. 7 .
It follows from Figs. 5-7 that the parameters presented in Table 4 correspond to the absolute minimum of the interaction energy.
One can see that the equilibrium parameters of a dimer are very sensitive to the selection of the form of repulsive and dispersive interactions. More precisely, these parameters depend on the law of decrease of the repulsive interaction. The depth of the potential well becomes bigger when the maximum of repulsion moves to the left (see Fig. 4 ). The position of the repulsive branch of the potential is a key factor that defines the equilibrium parameters of a water dimer. The value of the dipole moment of a water dimer is given by the formula
The values given should be compared to the equilibrium values obtained from the computer simulations and experiments (see Table 1 ). As follows from Table  1 , the intermolecular distance deviates from the literature data. Another important dependence is the dependence on the angle α of rotation around the Hbond (see Fig. 9 ). The variable α is an intradimer characteristic, so it is responsive for the rotation of molecules inside the dimer.
Another important characteristic of a dimer, which should be compared with other results [11, 12, 17] , is the dependence on the angle θ corresponding to the transversal vibrations of H-bonds (see Chapter 4) . It is presented in Fig. 8 . We see that, in the region of the minimum, the dependence of the interaction potential has a slope. As a consequence, in different models of water, the deviations of the equilibrium value of θ can be huge. Moreover, the heat vibrations of the H-bond can influence the experimental values of the angle θ.
It is necessary to mention that the most convenient dimer parameters to compare are: 1) the value of its dipole moment; 2) the values of components of the quadrupole moment and it average value, which is defined asQ = 1 3 (Q XX + Q Y Y + Q ZZ ) (here, we use the components of the non-traceless quadrupole moment), and 3) the vibration frequencies of water dimer. According to (6) , the experimental value of the dimer dipole moment allows us to control the equilibrium values of the angle θ. The components of the quadrupole moment of a water dimer are connected with the components of the quadrupole mo- 
where R = r (0)
OO . The average value of quadrupole moment is
It is worth to mention that the components of the dipole and quadrupole moments can be easily calculated with the help of the methods of quantum chemistry. Another surprising fact is the possibility of the existence of metastable states of water dimers.
With the fixed angle θ that corresponds to a minimum, there is a possibility of the turn of another water molecule on a specific angle, that can be calculated studying the dependence of the interaction energy on angle χ. As follows from Fig. 11 , there are two local minima separated by the potential barrier. The depth of the second minimum is approximately 5k B T m , and its position corresponds to the reflection of a molecule relative to the xy plane.
Rotation of a Dimer
If a dimer is formed in the gas phase, its thermal motion consists of the translational, rotational, and vibration modes. It is clear that only rotations and vibrations influence the equilibrium parameters of a dimer. Let us mention that the experimental values of intermolecular distance [4, 5, 14] correspond to the rotating dimers. This circumstance is ignored in the computer experiments. In this section, we will consider only the rotational influence on the parameters of a dimer. The rotation of a dimer is followed by the emergence of centrifugal forces, which lead to the growth of the equilibrium distance between oxygens. Rotation takes place around two axes that are perpendicular to the OX axis. Both axes lie in the molecular planes. The growth of the distance between oxygens is determined by the equation
where the average frequencies of rotation can be estimated from the relations
The inertia moments I 1 and I 2 are equal to: I 1 = = 1.332 × 10 −33 g · cm 2 , I 2 = 1.219 × 10 −33 g · cm 2 . The values of force constant k are calculated in the next chapter. But, regardless the calculations, the equilibrium distance grows linearly with the temperature. The rise of the equilibrium distance between oxygens is presented in Fig. 12 .
As we can see, the distance between oxygens at the melting temperature increases approximately by 0.04Å: from 2.96Å to 3.00Å. The ground-state energy decreases by 0.04. In a vicinity of the critical point, the equilibrium distance reaches 3.06Å.
Small Oscillations of a Dimer
From the configuration of a dimer, it follows that the most characteristic types of small oscillations are: 1) longitudinal one connected with a change of the r OO distance between the oxygens:r = rOO−r (0) OO rOH ; 2) two transversal oscillations of the H-bond that are connected with small rotations around the x (by angle θ) and z (by angle φ ) axes and 3) intradimer oscillations connected with a change of the relative orientation of water molecules during the rotation around H-bonds. Here, it is necessary to mention that the variablesr and θ are not independent and form a new pair of normal (hybrid) coordinates. Longitudinal and two transversal vibrations can also be interpreted as the oscillations of the H-bond (Fig. 13) . We have to remember that dimers rotate; therefore, the spectra of small oscillations will change.
According to this, the Lagrange function for small oscillations of the dimer takes the form
where x i = (r, θ, φ, α) are the generalized coordinates, andẋ i = (ṙ,θ,φ,α) are the generalized ve-locities. It is easy to see that the mass tensor has a diagonal structure:
where I r = µr 2 OH , µ = 1/2m W is the reduced mass of a water molecule,Ĩ =
are the components of the reduced inertia moments, i = θ, α, and the superscripts number water molecules. In accordance with Fig. 1 , the components of the inertia moment are:
and are equal to
I θ ≈ 0.83 × 10 −46 g · cm,
I α ≈ 0.95 × 10 −46 g · cm.
The force constants k ij are determined in a standard way: k ij = ∂ 2Φ ∂xi∂xj | xi=0 . All the derivatives are calculated at a fixed value of angle χ. The frequencies of small oscillations are calculated in a standard way and are presented in Table 5 for the potential with repulsive and dispersive parts from the Buckingham and Buckingham-Corner potentials. Two first frequencies correspond to hybrid oscillations of ther, θtype. Their normal coordinates are (at χ = 0):
Coefficients C 1 and C 2 are determined from the initial conditions. Thus, we can only speak about a single transversal oscillation of an H-bond, while the other one mixes with its longitudinal oscillation.
Discussion
From the qualitative point of view, the formation of dimers is related to the formation of a hydrogen bond between two water molecules. In this case, the ground-state energy of a dimer is identified with the energy of the H-bond. In our dimensionless units, it should be equal to -10. This estimate is confirmed by the quantum chemical calculations [9, 10, 16] . The close value of bonding energy (Ẽ d = −9.19) is obtained, by using a generalized Stillinger-David potential [16] . However, the different approach is considered in the present work. It is supposed that the dimers are formed due to three well-defined types of interaction: repulsive, dispersive, and multipole electrostatic interactions. In our calculation, we restrict ourselves to all contributions up to the dipole-octupole ones. The extrapolation of the interaction to the overlapping region does not lead to any anomalous increase of the dipoleoctupole interaction relative to other terms. This is the evidence of the legitimacy of using the described procedure of extrapolation on the distances up to r OO = 3Å. The reliability of the results is confirmed by the fact that the values of quadrupole and octupole moments calculated in the computer experiments coincide with the experimental data. The optimal value of ground-state energy of a stationary dimer according to our calculations isẼ d = −9.65 and is reached at the distance r (0) OO = 2.89Å. It is shown that the rotation of a dimer, which is quite natural in the gas phase, leads to an increase of the equilibrium distance by 0.04Å. One more circumstance that can influence the experimental value of distance between oxygens is the excitation of longitudinal oscillations that correspond to the frequency ω 1 . By the order of magnitude, the amplitude of oscillations of dimers is
We see that the rotation and oscillations can change the distance between oxygens by 0.1Å. This fact cannot be ignored. Another parameter of a dimer that can be controlled is the angle θ 0 , which defines the equilibrium mutual orientation of the dipole moments of water molecules that form the dimer. This angle is directly connected with the values of dipole and quadrupole moments of a dimer, which can be cal-culated with the help of quantum chemical methods or be obtained experimentally. In our work, the following values of the angle and dipole moment of a dimer correspond to the above interaction energy and the equilibrium distance: θ 0 = 28.7 • , D d = 2.81 D. These values slightly differ from those obtained experimentally or calculated within the quantum chemical methods (see Table 1 ). In [11, 17] , it was shown that quantum chemical calculations result in the dipole moment of a dimer D d = 2.6 D. According to (6) , this value corresponds to the angle θ 0 ≈ 36 • . The value of θ 0 was also studied in [7, 8] . It was shown that, at r OO = 2.976Å, the angle θ 0 equals 57 • ± 10 • . From the spectroscopic experiments, it follows that the angle should be 51 • ± 20 • . Such a difference in the values of θ 0 is related to the sloping character of the dependenceΦ(θ) in a vicinity of the minimum, as it follows from Fig. 8 . Vibrations and the rotation of a dimer also influence the value of θ 0 :
The influence of the interaction of water molecules on the parameters of water molecules will affect, in some way, the equilibrium parameters of a dimer. It was demonstrated in [5] that the dipole moment of a water molecule increases by 1 ÷ 1.5%, when molecules approach it to a distance of 3Å. So the growth of the dipole-dipole interaction will result in changes of the intermolecular distance and the interaction energy. The overlapping effects that manifest themselves at the distances smaller than 3Å should not be considered because the relative shift of valence vibrations of a proton at the condensation does not exceed 1 ÷ 3% [14] . But the existence of hydrogen bonds should not be neglected because they influence the value of heat capacity [29] . The weak overlapping of the electron shells shows itself in the tunneling of protons from one molecule to the other one along the hydrogen bond. But these effects are characteristic only at the superlow frequencies (∼30 cm −1 ). All these qualitative arguments allow us to state that the energy of the hydrogen bond itself does not exceed k B T m . The relatively small contribution of hydrogen bonds to the interaction potential was stated in the works by Dolgushin [30, 31] . He showed that the sharing indices of the electron density between water molecules under the influence of a neighbor molecule are less than 3%. These results were confirmed by the later work by Fulton [32] . We mention that, in [6, 7] , hydrogen bonds were ignored without any justification. In those works, it was shown that the interaction energy calculated with the potential consisting only of the classical electrostatic and repulsive interactions matches the quantum chemical result with sufficient accuracy. The multipole approximation allows us to easily build the averaged interaction potential between water molecules. It should be noted that certain limitations of the rigid multipole interaction will manifest themselves in the description of multimer properties, where multipartical effects take place. In particular, the equilibrium distance between oxygens reduces to r OO = 2.78Å in liquid water. The denial of the model of hydrogen bond as the specific donor-acceptor type of interaction finds its confirmation in another fact. The values of self-diffusion coefficients and shear viscosity for water have the same order of magnitude as those for the liquids that do not form hydrogen bonds. This fact indicates that the character of translational and rotational motions in these liquids is similar. It cannot be agreed with the existence of sharply directed hydrogen bonds with the interaction energy of ∼10k B T m . Our approach does not have such complexity. The electrostatic multipole interaction satisfies the superposition principle, so the total electric field formed by the randomly positioned and orientated water molecules is relatively small and does not affect critically the movement of water molecules.
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